Lake Mead, Nevada is the largest reservoir by volume in the United States, as well as a popular sport fishing destination. In January 2007, the invasive quagga mussel Dreissena rostriformis bugensis (Andrusov, 1897) was discovered in the reservoir and concerns began to arise about potential alterations to the aquatic environment. The Lake Mead sport fishery is reliant on the sustainability of prey species like the threadfin shad [Dorosoma petenense (Günther, 1867)]. This study examined 20-year trends in historic abundance of the threadfin shad, before, and shortly after, the discovery of quagga mussels in the system. Larval shad trawl data collected in Las Vegas Bay and Overton Arm portions of Lake Mead were analyzed in the present study. Two-way analysis of variances showed that the abundance of this prey fish has not changed following quagga mussel invasion (P > 0.05). Post-quagga mussel discovery collections of adult threadfin shad from Las Vegas Bay ranged from 113 to 212 mm total length (TL) (mean = 184 mm; n = 170). Shad from Overton Arm ranged from 131 to 197 mm TL (mean = 150 mm; n = 27). Stomach contents were analyzed. The proportion of cladocerans in stomach contents differed significantly from spring to winter in Las Vegas Bay (P = 0.008); whereas the proportion of copepods did not show statistically relevant differences regarding seasonality (P = 0.562). Initial trends in lower trophic level dynamics in response to quagga mussel invasion has yet to reveal significant effects in Las Vegas Bay or Overton Arm. Long-term monitoring on threadfin shad is needed to evaluate potential impacts from invasive quagga mussels in Lake Mead.
Introduction
Threadfin shad Dorosoma petenense (Günther, 1867) , native to the southeastern United States, were introduced into lakes Mead, Mohave, and Havasu in 1954-55 and were found throughout the lower Colorado River system by 1956 (LaRivers 1962; Moyle and Cech 1982) . Pelle (1989) attributed such rapid dispersion to high fecundity rates in this species. Threadfin shad are a pivotal component of the Lake Mead food web, serving as prey for introduced game species like striped bass Morone saxatilis (Walbaum, 1792) and largemouth bass Micropterus salmoides (Lacepède, 1802) (Miller 1950; Haskell 1959; Miller 1961; Deacon et al. 1972; LaBounty et al. 2004) . By the time striped bass were introduced in 1969, threadfin shad had already been well established in parts of Lake Mead where primary productivity was highest (Deacon et al.1972; Allan and Roden 1978) . The success of introduced predators in Lake Mead continues to depend largely on the viability and continued production of threadfin shad (Wilde and Paulson 1989) . As a result of these introductions, the Lake Mead fishery has experienced sustained popularity in relation to its status as the largest reservoir by volume in the U.S.
Ecological disturbance associated with biological invasions often results in negative alterations of food web dynamics (Vitousek 1990; van Riel et al. 2006) . The quagga mussel Dreissena rostriformis bugensis (Andrusov, 1897) was first discovered in January 2007 in Boulder Basin of Lake Mead and has established in great numbers over a short time period (LaBounty and Roefer 2007) . Overall, adult and juvenile quagga mussel densities in Lake Mead have increased exponentially, regardless of substrate. In 2007 and 2009, the density of quagga mussels in rocky areas was 624 and 8,925 individuals/m 2 , respectively. In sandy and muddy areas, numbers increased from 80 to 3,350 individuals/m 2 (Wong et al. 2011b ). Quagga veliger abundance in the Boulder Basin of Lake Mead increased from 0.9 individuals/L in 2007 to 4.5 individuals/L in 2008 . It was suspected that the invasive quagga mussels reached Lake Mead from the Great Lakes via recreational boats over land. The initial invasion was thought to have occurred in either 2003 or 2004 based on age structure of mussels at the time of discovery in 2007 (LaBounty and Roefer 2007; McMahon 2011) .
Dreissena species can alter ecosystem dynamics by several mechanisms (May and Marsden 1992; MacIsaac 1996) . They are highly efficient water filterers, removing substantial amounts of phytoplankton, which in turn decrease the food source for zooplankton (Claxton et al. 1998; Wong et al. 2011a and references therein). Predation by fishes and eels on Dreissena veligers have been documented from studies conducted in Europe (Wiktor 1963; Kornobis 1977) . However, from a fisheries' perspective, planktivorous fish that mainly rely on zooplankton, especially on microzooplankton, may suffer due to shortage of food as a result of energy transfer from the pelagic community to the benthic community. Therefore, benthic feeding fishes may benefit from the establishment of mussels. Other potential beneficiaries of dreissenid introduction in Great Britain include molluscivorous waterfowl and fishes. However, Aldridge et al. (2004) postulated that British ecosystems would experience negative effects from mussel presence as a whole. Declines in lake fishes due to a collapse in planktonic resources was speculated for the Great Lakes as far back as the early 1990s (Karnaukhov and Karnaukhov 1992) . Lake Huron's natural food web was seriously altered because of the mussel invasion. Salmon, alewife, and zooplankton populations have declined, causing an energy shift from pelagic to benthic zones resulting in a $19 million/year decrease in revenues for Lake Huron sport fisheries (Michigan DNR 2010) . The influence of dreissenid mussels on fish vary widely across ecosystems as a function of system morphology, factors that limit primary production, and diets of these fish species (Strayer et al. 2004) .
The potential impacts quagga mussels pose to the Lake Mead fishery are unknown. The implication of the potential decline in zooplankton that drives energetics is a growing concern. Extensive research in the Great Lakes region where dreissenid mussels, both quagga and zebra mussels Dreissena polymorpha (Pallas, 1771) , have affected trophic dynamics may not adequately address ecological dynamics encountered in the arid southwest. To address some of these possible differences, we tested for a potential shift in diets of zooplanktivorous fish, specifically threadfin shad, since the introduction of quagga mussels into Lake Mead. Abundance trend data on threadfin shad populations in Lake Mead have largely been lacking in the scientific literature. This paper presents annual larval shad trawl data for comparison with possible ecological effects associated with quagga mussel introduction. Therefore, the objectives of this study were to (i) document historic trends in threadfin shad abundance to assess if this prey fish was affected by quagga mussels, (ii) examine the foraging habits of adult threadfin shad after the discovery of quagga mussels in Lake Mead, and (iii) evaluate if there was any change in abundance of zooplankton in stomach contents of threadfin shad, or in the water column where threadfin shad were caught.
Methods

Study site
Threadfin shad collections have been a routine component of annual lake health assessment since 1988. Sampling locations include two primary areas, the Overton Arm and Boulder Basin of Lake Mead (Figure 1 ). Overton Arm sites were based on a Lake Mead fertilization study conducted in the late 1980s by Axler et al. (1988) 
Larval shad trawls
NDOW shad trawl protocols consist of towing a cone-type-shaped net 6 m long with a 255 mm long collecting bucket on the end. The open end is 1 m in diameter with a 1.6 mm mesh screening. The net is towed approximately 20 m behind the boat in 10 min increments at an engine speed of 1,000 rpm and replicated three times to provide an average number. Flow volume is calculated using a flow meter at the mouth of the net to record water movement. Upon return to the laboratory, fish are counted and abundance converted to fish/100m 3 of water. Fish longer than 20 mm tend to avoid capture in the net so the technique is an estimate of reproductive success and not a population estimate of threadfin shad (NDOW 2006) . Samples for this study were collected during spring and early summer from 1988 to 2008, except no data was available for 1990 in Las Vegas Bay.
A one-way ANOVA with Least Squares Determination (LSD) post hoc multiple comparisons was used to evaluate any significant difference in larval threadfin shad abundance among years. Two-way analysis of variance (ANOVA) was used to test for a difference in larval shad abundance before and after quagga mussel invasion between sampling locations in Las Vegas Bay and Overton Arm. Lake Mead's ecosystem has experienced significant natural and human-caused changes in addition to the quagga mussel invasion in recent years. ). The significance level was set at alpha = 0.05 (Zar 1996) .
Zooplankton biomass index
To depict a potentially relevant biological relationship between shad and their food source, a biomass conversion was performed on zooplankton abundance (#/L) data reported by the Southern Nevada Water Authority (SNWA). Shad trawl locations were compared to data collected by the SNWA at comparable sampling stations in Boulder Basin. Zooplankton data provided by the SNWA was not readily available prior to year 2000 and thus were not included in the analysis. Contribution to the biomass index was developed from multiple sources (Wells 1970; Dumont et al. 1975; Culver et al. 1985; Pauli 1989; Kane 2004 ). Length-weight regressions for the bulk of cladocerans and copepods were estimated from Culver et al. (1985) :
where a and b are fitted constants used to calculate weight, W represents mass in micrograms (µg), and L is length in millimeters (mm). Biomass calculations from the literature were reported directly for rotifers and veligers (Dumont et al. 1975; Pauli 1989; Kane 2004) . When available, the length ranges (mm) were averaged at the division level.
Calculated biomass units were multiplied to the raw data provided by SNWA zooplankton counts (#/L) to arrive at a biomass unit (µg/L). Biomass values were then converted to a percent composition and compared to larval shad trawl counts (fish/100m
3 ) collected by NDOW from 2000 to 2008. Calculated length-weight regressions (µg/individual) for each division of zooplankton were summed and averaged (Table  1) .
Stomach contents analysis of adult threadfin shad
To examine the foraging habits of threadfin shad, adults were collected in spring and summer 2008, and in winter 2009 for Las Vegas Bay and Overton Arm, respectively, through standard protocols and immediately fixed in 10% CaroSafe™ in the field in a container large enough to preserve multiple samples (APHA 1995; Haskell 1959; Pelle 1989) . Preservation was immediately initiated to maximize the integrity of the stomach contents. After completion of field collection, whole fish were immediately transported to the laboratory and total length measurements were recorded. After lengths of adult fish were recorded, the gut from each fish was removed (from esophagus to anus) and individually preserved in 10% CaroSafe™ in Whirl-Paks™ to minimize possible degradation of the stomachs (Blanco et al. 2003) . Extracted samples were stored under refrigeration until stomach contents analysis could be performed (Pinkas et al. 1971) .
Stomachs were dissected vertically and the contents placed in a grid-lined sedgwick-rafter cell, suspended in 1ml distilled water (APHA 1995) . This method has been employed for water sample analysis conducted by the U.S. Bureau of Reclamation (USBR) (G. Chris Holdren, USBR, Sep 2008, pers. comm.) . Frequencies of occurrence of three major taxa of zooplankton common to Lake Mead (rotifers, copepods, and cladoceran) and quagga veligers were recorded under a stereo dissecting microscope (Carl Zeiss SteREO Discovery.V8, Toronto, Ontario, Canada) fitted with a cross-polarized light (CPL) source at magnification suitable for positive identification (Johnson 1995) . Using CPL facilitates the identification of veligers due to the birefringent crystalline structure of the calcite in the larval shell (Johnson 1995) . A frequency of occurrence method was employed to analyze stomach contents for the determination of diet composition as described by Hyslop (1980) :
where F i = percent frequency of prey type i, N i = number of shad with prey i in the stomach, and N is total number of shad with stomach contents. Enumeration of food items were recorded at the division level and included cladocerans, copepods, veligers, or rotifers. Relative percentage occurrence and relative percentage abundance of prey items was determined through modification of the Costello method for interpreting stomach contents data (Amundsen et al. 1996) . (Culver et al. 1985) . 2 Regression equations for cladocerans not significantly different at 0.05 significance level (Culver et al. 1985) . Prey-specific abundance is a function of the percentage of prey items in only those shad in which the prey occurs and is represented by the following equation:
where P i is prey-specific abundance of prey type i, S i total stomach contents (number) comprised of prey i, and S ti is total stomach content in only those shad with prey item i in their stomach (Amundsen et al. 1996) . A two proportion z-test was performed to test whether shad were utilizing selected prey items during different seasons (Zar 1996) . Prey-specific abundance was also calculated using a proportional z-test, comparing food type variation. Proportional analysis showing variation in prey abundance by site was reported.
Results
Long-term larval shad trend analysis
The annual larval threadfin shad trawl conducted by NDOW has remained consistent by location There was no significant difference in larval shad abundance before and after quagga mussel invasion among the three stations in Las Vegas Bay (two-way ANOVA, df = 3, F = 1.82, P = 0.18) and in Overton Arm (df = 4, F = 0.48, P = 0.75). When analyzed together (Las Vegas Bay and Overton Arm), no significant difference (two-way ANOVA, df = 2, F = 1.81, P = 0.18) was found in shad abundance before and after quagga mussel invasion.
Zooplankton biomass
Division means for cladocerans (µg of dry weight/L) were 11.6; for copepods 4.3; rotifers 0.2; and veligers 1.0 (Table 1) 
Stomach contents analysis
Threadfin shad from Las Vegas Bay ranged in size from 113 to 212 mm total length (TL) (mean = 184 mm; n = 170). Shad from Overton Arm ranged in size from 131 to 197 mm TL (mean = 150 mm; n = 27). The means represent all fish collected from the 2008 and 2009 sampling events. Total identifiable shad stomach contents contained primarily cladocerans and copepods, where some stomachs contained multiple zooplankton food items while others were empty (Table 2 ). Amorphous debris also contributed a significant portion to the total stomach contents. No quagga mussel veligers were observed under cross-polarizing microscopy. Likewise, no rotifers were observed as food items identified at the division level in Las Vegas Bay or Overton Arm. Visual estimation of abundance revealed that 46 % of Las Vegas Bay stomachs and 85% of Overton Arm stomachs contained either identifiable copepod or cladoceran food items or a combination of zooplankton and other ingested contents. Frequency of occurrence and prey-specific abundance of stomachs that had identifiable cladocerans and copepods were calculated (Table  3) . The proportional analysis includes only those stomach contents which contained either cladocerans and/or copepods, respectively. Testing among seasons revealed there was no significant difference in the proportion of cladocerans to copepods in shad stomachs for either spring (z = 0.70, P = 0.484) or winter (z = -0.91, P = 0.362) from comparative sampling events in Las Vegas Bay.
The proportion of cladocerans in stomach contents differed significantly between spring and winter in Las Vegas Bay (z = 2.64, P = 0.008), whereas proportion of copepods counted did not show statistically relevant difference for seasonality (z = 0.58, P = 0.562). A comparison in prey-specific abundance by site was also analyzed. For Las Vegas Bay, cladocerans were significantly more abundant than copepods (z = 9.70, P < 0.001).
Discussion
Based on data for shad and zooplankton through 2008, we were unable to detect any changes that are likely to impact the Lake Mead sport fishery specifically with respect to introduction of quagga mussels. Similar results were reported by Mayer et al. (2000) in regards to changes in survival and diet of yellow perch Perca flavescens (Mitchill, 1814) in response to zebra mussels Dreissena polymorpha (Pallas, 1771) in Oneida Lake, New York. However, studies from the Great Lakes have shown a shift to diet items of a lower energy value as a consequence of dreissenid presence, sometimes feeding on mussels in response to a decline in more energy efficient food items (Pothoven et al. 2001; Hoyle et al. 2008) . The presence of quagga mussels in Lake Mead may or may not follow the same trajectory in regards to the health and viability of the fishery. Overton Arm showed a difference between years in the mean number of shad counted (P <0.001). More sample sites to conduct shad trawls in reaches other than Las Vegas Bay and Overton Arm could be considered, especially in areas of Lake Mead where threadfin shad consistently congregate based on historic knowledge (NDOW 2006) . The expansion of shad trawls would add significant data to an already comprehensive historical record into the primary food source for valuable species of game fish such as striped bass and largemouth bass.
A comprehensive zooplankton biomass index specific to Lake Mead was developed in relation to shad abundance and used to compare spatial and temporal variation over the past decade. High relative abundance of copepods, for example, may change dramatically over time as quagga biomass increases, as has recently been observed in the Boulder Basin reach of Las Vegas Bay ( Figure 5 ). Reductions in small bodied zooplankton were observed in the presence of zebra mussel and bluegill Lepomis macrochirus (Rafinesque, 1819) from a controlled experimental reservoir pumped from the Black River near La Crosse, Wisconsin (Richardson and Bartsch 1997) . Fish/zooplankton trophic interactions in two Swedish lakes showed a shift to more rotifer assemblages when planktivorous fish were present and high numbers of cladocerans when fish were absent (Andersson et al. 1978) . Water clarity as a result of mussel influence could show similar dynamics over time. It is unclear how trophic relationships among zooplankton and shad in the years leading up to quagga mussel discovery are affecting Lake Mead. Therefore, it would be premature to conclude there is evidence to suggest quagga mussels have had a negative impact on the shad/zooplankton cycle in Lake Mead. This is in agreement with observations that absolute abundance of zooplankton in the Boulder Basin of Lake Mead has not changed following quagga mussel invasion .
Results from stomach contents analysis of threadfin shad were under-represented in Overton Arm collections (n = 27). Our use of trammel and gill nets of varying mesh size probably allowed smaller shad to avoid capture in the two and three inch portions of the nets. The bulk of threadfin shad were located in the smallest one-third of nets. Therefore, smaller shad were most likely under-represented due to variability in mesh size.
Multiple studies have recognized the problem of rapid digestion in fish guts of soft-bodied larval tissue due to mechanical and chemical processes (Hunter 1981; Folkvord 1993; Kim and DeVries 2001; Schooley et al. 2008) . As a result, the ability to efficiently quantify quagga veligers by this method has proved problematic. Although preservation techniques used were adequate for large-bodied cladocerans and copepods, it was not practical for the delicate nature of veligers and may have explained (Schooley et al. 2008) .
Since quagga mussel invasion is a recent phenomenon in the western U.S., many protocols and research needs on fisheries have yet to be developed. One recommendation would be to study assimilation of a quagga veliger once it enters the stomach of the threadfin shad. The soft-bodied, miniscule properties of this organism make it difficult to identify (Johnson 1995; Frischer et al. 2002) . Studies related to degradation over time could be administered in a controlled environment in an attempt to evaluate the future plausibility of conducting gut content analysis in the targeted search for veligers. Additional biological introductions to Lake Mead may further impact long-term trends regarding abundance of threadfin shad, zooplankton, and quagga mussels.
Other recent notable introductions that may impact Lake Mead ecology were the discovery in 2007 of gizzard shad Dorosoma cepedianum (Lesueur, 1818) in Overton Arm (Herndon 2010) and the New Zealand Mud snail Potamopyrgus antipodarum (J.E. Gray, 1853), first detected in 2008 (Davis and Moeltner 2010) . Although no significant change was found in threadfin shad, the gizzard shad has experienced exponential increase since then (Figure 6 ). In 2010, the biomass of this prey fish was 42.5% among all species. Benthic organisms are a major food component for gizzard shad (Judge 1973) , and their dominance may be associated with invasive quagga mussels in Lake Mead. However, it would be premature to conclude gizzard shad will impact the Lake Mead fishery due to uncertainties this early in the invasion cycle. The closely coupled timing in spread and growth between gizzard shad and quagga mussels in Lake Mead needs to be addressed for future studies. The high numbers of larval shad collected in 2005 and 2007 from Overton Arm could be due to increases in larval gizzard shad and not threadfin (Figure 3) . Because gizzard and threadfin shad larvae are morphologically similar (Miller 1950; Santucci and Heidinger 1986) , speciation was likely overlooked and all specimens were assumed to be threadfin shad during data analysis.
Post-invasion monitoring and continued data collection are perhaps most critical to further understanding potential effects quagga mussels may be having in Lake Mead. Since quaggas were first discovered in 2007, little data are available to gauge the long-term impact. We recommend continuation and expansion of larval shad trawls by NDOW and zooplankton monitoring by the SNWA and USBR if trends are to be determined. Long-term monitoring goals for Lake Mead based on quagga mussel influence (Wong et al. 2011a ) need to be implemented as the invasion persists and possible depletion of the sport fishery is threatened by an altered trophic structure.
